Introduction

Expression of Two GFP Fusion Proteins
Noninvasive optical studies of fluorescently stained, in PC12 Cells single live neurons have significantly advanced our unWe constructed mammalian expression plasmids codderstanding of how presynaptic terminals function (e.g., ing for a mutant GFP (Cormack et al., 1996) fused to the Betz and Bewick, 1992; Ryan et al., 1993; Wu and Betz, C-terminal ends of either human chromogranin B (hCgB) 1996). In these studies, synaptic vesicles are selectively or human pro-neuropeptide Y (hpNPY). Within 48 hr after stained with bath-applied, membrane-impermeant liptransfection with the plasmids, PC12 cells fluoresced idic styryl dyes such as FM1-43, while presynaptic termibrightly, even after fixation with paraformaldehyde. Fignals perform exo-and endocytosis. The method works ure 1 shows fluorescence micrographs of cells that were because the membranes of synaptic vesicles, once in allowed to differentiate in the presence of nerve growth contact with the external fluid, are recycled in minutes factor and extended neurites. Neurites showed the to form new synaptic vesicles. A similar strategy has brightest GFP fluorescence ( Figure 1A ). They also conbeen used for selective immunostaining of synaptic vestained the majority of the dense-core granules, as was icles (Kraszewski et al., 1995) . Besides synaptic vesicles, confirmed in electron micrographs (not shown) and in presynaptic terminals contain dense-core secretory fluorescence micrographs immunostained with antibodgranules for the secretion of hormones and peptide neuies against the membrane-associated dense-core granrotransmitters; in neuroendocrine cells, such granules ule protein dopamine-␤-hydroxylase (D␤H; Figure 1B ). are the dominant secretory organelles. In vivo, denseAt the level of an entire cell, the distribution of GFP core granules cannot easily be stained with styryl dyes fluorescence is consistent with hCgB-GFP being taror antibodies, because their membranes and proteins geted to dense-core granules. GFP fluorescence is also are packaged together early in granule biogenesis; and readily seen in live PC12 cells transfected with hCgBit is not clear that, after exo-and endocytosis, their GFP ( Figure 1C ) or with hpNPY-GFP ( Figure 1D ). membrane components are ever specifically reunited with new peptides to form new secretory granules.
Localization of GFP Hence, staining by cycling, so successful with synaptic
We tested whether hCgB-GFP fluorescence also colocalizes with dense-core granule markers at the level of vesicles, has not worked with dense-core granules. This Figure 3C ), duplicated the circles into the D␤H image at identical pixel locations ( Figure 3D ), and then with GFP and D␤H apparently colocalizing even at the level of single spots in this section. Colocalization was determined whether the new circle contained a fluorescent point concentric to within 150 nm. Circles were not perfect. In other cells (e.g., Figures 3A and 3B Figures 4B and 4D) . Depolarization led to a loss of hCgB-GFP fluorescence ( Figures 4C and 4D) , with little or no change in morphology ( Figures 4A and 4B) .
To quantitate the effect, the neurite in Figure 4C was outlined, and the outline was digitally transferred to the same pixel locations in Figure 4D . Light within the outlines of both images was measured and compared. The results are summarized in Figure 4E . About 30% of the fluorescence was lost when cells were exposed to the stimulation buffer, and none was lost when we applied Ca 2ϩ directly to permeabilized PC12 cells. Intact cells were first imaged in a buffer of low [Ca 2ϩ ] and then permeabilized for 2 min in a Ca 2ϩ -containing in the D␤H image (numbered 1, 5, 6, 8, 9), negative if buffer, kept there for a further 3 min, and returned to a they did not (2, 3, 10), and neutral if the image did not low [Ca 2ϩ ] buffer. They were then imaged a second time. allow a determination (4, 7, 11) . In eight cells, GFP fluoImages were analyzed as in Figure 4 . In both hCgB-GFP rescent spots were examined in both cell bodies and and hpNPY-GFP transfected cells, Ca 2ϩ caused at least neurites; 65% Ϯ 6% of the GFP spots were positive, half of the GFP fluorescence to be lost. When Ca 2ϩ was 22% Ϯ 5% were negative, and 13% Ϯ 2% were neutral, not elevated after permeabilization, loss of GFP was suggesting that 65% to 78% of all GFP resided in dense minimal (Table 1) . Taken together, the results indicate core granules.
that approximately half of the GFP fluorescence is lost D␤H fluorescence without GFP fluorescence could in a Ca 2ϩ -dependent manner. result if cells contained "old" GFP-free granules, synthesized before transfection. Furthermore, GFP requires Tracking Dense-Core Granules in Live Cells posttranslational processing and folding, which may not
We used video microscopy to test whether GFP allows proceed to completion in all granules. Conversely, GFP the observation of single fluorescent granules in living fluorescence in structures without D␤H label could recells. Because granules in neurites are often too sult either because the antibody did not have access to crowded to be singly resolved by light microscopy, we all granules or because hCgB-GFP also reaches organexamined cells that were grown in the absence of NGF elles that are negative for D␤H. This was tested by comand had no neurites. Cells adhering tightly to a glass paring, as in Figure 3 , hCgB-GFP fluorescence with coverslip were chosen. To selectively illuminate a thin labeling by a polyclonal antibody against GFP. Colocalilayer of cytosol immediately adjacent to the coverslip, zation was complete (99 Ϯ 0.5 %, 7 cells; not shown).
we used the evanescent wave formed by a laser beam Thus, immunochemistry suggests that GFP occasionally experiencing total reflection at the glass-cytosol interface (Stout and Axelrod, 1989; Figure 5) . Compared with confocal microscopy, this method allows for imaging a is punctate, with some spots fluorescing brightly and The method takes advantage of the refractive index, n, being lower in the cell than in the glass substrate to which it adheres tightly. A laser beam enters the coverslip through the microscope objective at an angle causing it to be totally reflected at the glass-buffer interface, or at the interface between the coverslip and the cell. Although dense-core granules in a cell are uniformly labeled, only those within the evanescent wave fluoresce and are detected by the microscope.
others dimly. Two hundred exposures could be taken without significant photobleaching or signs of photodamage, allowing time-resolved studies at the level of single granules. Because the intensity of the evanescent wave declines with distance from the glass substrate, structures closest to the adhering plasmalemma are expected to be the brightest, while those more than 300 nm away (Steyer, personal communication) are too dim and out-of-focus to be resolved. Indeed, some spots slowly appeared and faded from view while they moved into and out of the evanescent wave; other spots were stationary. Some spots migrated parallel to the plasma membrane over micron distances. Figures 6B-6F are examples from a permeabilized cell containing buffer with sufficient [Ca 2ϩ ] to support exocytosis. One granule was tracked in 32 successive frames; four of them are shown in Figures 6C-6F (arrows) . Figure 6B tracks the path of the granule at 2 s intervals. For the first 42 s, the granule traveled extensively, covering a distance of over 2 m. Then it stopped and disappeared abruptly, 20 s later. It is tempting to suggest that the granule stopped because it was captured by a plasmalemmal docking site, and that it disappeared when it performed exocytosis and the GFP, thus released, diffused away. core granules.
Discussion
To measure background fluorescence, B1, the outline was duplicated and moved to an area towards the upper right of the frame. Both areas were then transferred to identical locations in (D), yielding fluorescence, F 2, and background, B2, values after stimulation. The fractional fluorescence remaining after stimulation, Rf, was calcusolution where all Ca 2ϩ was replaced with Mg 2ϩ and no Ca 2ϩ influx lated as Rf (%) ϭ 100(B 1/B2)(F2 Ϫ B2)/ (F1 Ϫ B1) , where the factor B1/ could take place (Mg, 5 neurites). Fluorescence was lost in the Ca 2ϩ -B 2 corrects for any changes in lamp intensity during the experiment.
containing but not the Mg 2ϩ -containing solution. The difference is Data are shown for K,Ca 2ϩ -HBS (Ca, 9 neurites) and an identical significant at p Ͻ 0.07 (one-tailed t test).
How efficiently are our fusion proteins targeted to secretory granules? In immunofluorescence, hCgB-GFP and dense-core granule markers colocalized only imperfectly. Though difficult to quantitate, our immunofluorescence results suggest that 65%-78% of the hCgB-GFP is targeted to D␤H-containing organelles. Ca 2ϩ -stimulated secretion of GFP is a more quantifiable measure of targeting. Intact differentiated cells lost 30% of their GFP in 3 min when they were stimulated with elevated [K ϩ ]. This is no less than the amount of secretogranin released by the same PC12 clone under conditions that were similar, except that the cells were not induced to differentiate by NGF (20% in 15 min; Bauerfeind et al., 1995). More vigorous GFP secretion was seen when Ca 2ϩ was supplied directly to permeabilized cells ‫%05ف(‬ in 5 min; Table 1 ). Since only dense-core granules are expected to release GFP in response to Ca 2ϩ , this organelle must contain at least half of the dense-core granules. GFP will be generally useful for labeling secreted prowe used evanescent-wave illumination to excite fluoresteins or dense-core secretory granules. First, an endocence in a thin layer of cytosol. Like two-photon microscrine cell targets to dense-core granules just about any copy, this method excites little or no out-of-focus fluoprotein secreted through the regulated pathway, even rescence; no confocal pinhole was required, and we when the protein is not normally expressed in that cell.
could collect all fluorescence reaching our objective. Up For example, ACTH-secreting AtT20 cells target the forto 200 exposures were readily captured without obvious eign pro-insulin to secretory granules as effectively as bleaching or photodamage. Combined with the efficient ACTH (Moore et al., 1983 ; for other examples, see Hallight collection possible with evanescent-wave excitaban and Irminger, 1994). Second, to the targeting mechtion, the GFP tag provides enough fluorescence for anism, even a small peptide is dominant over a mediumstudying the transport, docking, and exocytosis of single sized attached protein such as GFP, as shown by our granules in living or permeabilized cells. results on hpNPY-GFP. We have not tested what fraction of the pro-NPY-GFP was processed to NPY-GFP Experimental Procedures in our experiments, but even pro-NPY is only 69 amino acids long, compared with the 238 added amino acids Cell Culture and Transfection of its fusion partner, GFP. Evidently the addition of GFP PC12 cells (clone 251; Heumann et al., 1983) were maintained and does not easily confuse the targeting mechanism.
propagated as described (Tooze and Huttner, 1990) in 75 cmfor 5 min. An additional 1.7 ml growth medium was added, and the time. Similar experiments were carried out with Mg 2ϩ replacing all Ca 2ϩ in the K,Ca 2ϩ -HBS. The images were analyzed using Metacells were placed in the incubator. Within 24 hr, the medium was changed once more. The cells were used 48 hr after transfection. morph (Universal Imaging Co). Experiments on permeabilized cells were done similarly but used Unless otherwise indicated, the cells were allowed to differentiate and grow neurites by including nerve growth factor (NGF, 100 ng/ different bathing solutions. The cells were first bathed in a solution of low [Ca 2ϩ ] (buffer A, 63 mM K glutamate, 50 mM K-EGTA, 5 mM ml; human recombinant NGF-␤ chain, Sigma) in the growth medium continuously after electroporation.
CaCl 2, 3.5 mM MgCl2, 1 mM K-ATP, 5 mM glucose, and 20 mM PIPES [pH 7.0]). The calculated concentrations were [Ca 2ϩ ] ϭ 0.033 M and [MgATP] ϭ 0.86 mM. After the first set of images were Plasmids taken, the buffer was replaced with buffer B (63 mM K glutamate, The cDNAs encoding chimerae of hCgB and hpNPY with GFP 50 mM K-EGTA, 49 mM CaCl 2, 1.5 mM MgCl2, 1 mM K-ATP, 5 (GFPmut2, Cormack et al., 1996) were cloned in mammalian expresmM glucose, and 20 mM PIPES [pH 7.0]) plus 7.5 M digitonin. sion vectors under the control of the cytomegalovirus promoter. For Concentrations were [Ca 2ϩ ] ϭ 17 M (measured with a Ca 2ϩ -selechCgB-GFP, a construct cloned in the pCDM8 vector (Invitrogen) tive electrode) and [MgATP] ϭ 0.86 mM (calculated). Digitonin was was already available with a GFP bearing a S65T mutation (Kaether removed after 2 min, and the cells remained for an additional 3 min and Gerdes, 1995; Wacker et al., 1997) , and we simply replaced that in buffer B. Then, buffer A was applied again, and the cell was GFP with the newer GFPmut2. We modified the GFPmut2 cDNA imaged a second time. Controls were carried out identically, except (originally received from Dr. B. Cormack in an E. coli expression that buffer A replaced buffer B during and after the permeabilization vector, pKEN) by PCR to introduce a KpnI site in-frame with the step. GFPmut2 ORF; this site allowed subsequent cloning in-frame with the C-terminal end of the CgB. The cDNA coding for hpNPY was Video Microscopy obtained in the vector pBS (Stratagene). The GFPmut2 cDNA was After transfection, the cells were grown on glass coverslips without inserted in-frame with the C-terminal of hpNPY containing a 3Ј-Nar NGF. A Zeiss Axiovert microscope was modified for evanescent-I site (Milgram et al., 1996) by blunt ended fusion of the Nar I site wave excitation as described (Stout and Axelrod, 1989) . Fluoreswith the GFP 5Ј-Kpn I site. The chimeric cDNA was then subcloned cence was excited with a 488 nm argon laser, which was directed into the mammalian expression vector pCI.neo (Promega). Both conin epifluorescence mode through the objective, such that it suffered structs were verified by restriction analysis and DNA sequencing.
total reflection at the interface between the coverslip and cytosol or bathing medium ( Figure 5 ). Measurements with 280 nm diameter Immunofluorescence fluorescent beads showed that the microscope collected fluoresFor staining against D␤H, transfected cells were grown in the prescent light from a 300 nm thin aqueous layer adjacent to the coverslip ence of NGF for 2 days on 20 mm diameter glass coverslips. The carrying the cells (Steyer, personal communication) . The images cells were fixed for 20 min with 3.7% paraformaldehyde in PBS (137 were captured as above and analyzed with Metamorph (Universal mM NaCl, 2.7 mM KCl, 0.9 mM CaCl2, 0.5 mM MgCl2, and 8.1 mM Imaging Co). To track the position of organelles, we high pass filtered Na 2HPO4/NaH2PO4 [pH 7.3]); quenched for 10 min in PBS containing, the images at a spatial frequency of 1/m and identified the organin addition, 50 mM NH 4Cl; and washed twice, for 5 min each time, elles by a thresholding algorithm (Metamorph). We considered an first in PBS and then in TBS (164 mM NaCl and 10 mM Tris [pH organelle's image as a cloud whose thickness represented the local 7.6]). Cells were delipidated for 5 min in TBS containing 0.2% Triton fluorescence intensity. The cloud's center of mass was determined X-100, then incubated for 5 min in TBS and three times, for 10 min by an algorithm in Metamorph and localized the organelle to within each time, in FSG-TBS (TBS containing 0.2% fish skin gelatin, 0.1% ‫05ف‬ nm. Triton X-100, and 0.02% NaN 3). The coverslips were incubated for 1 hr at 37ЊC with a polyclonal antibody against D␤H (Biogenesis, Acknowledgments Cat #3960-0204, lot #960906b) diluted 100-fold in FSG-TBS and washed three times, for 10 min each time, with antibody-free FSGAll correspondence should be addressed to W. A. We thank Dr. TBS. The cells were then incubated for 1 hr at 37ЊC with Cy3-coupled R. E. Mains for providing the pro-NPY-Nar I plasmid and for his donkey-anti-rabbit (Dianova, Cat #711-166-152) diluted 1:2000 in suggestions on our manuscript, and Dr. B. Cormack for the GFPmut2 FSG-TBS and washed twice, for 10 min each time, in antibody-free plasmid and for sending his manuscript before publication. T. L. FSG-TBS, then once in TBS. The cells were postfixed for 20 min and C. K. were members of the Graduiertenkolleg Molecular Neurowith 3.7% formaldehyde in PBS, quenched for 10 min with 50 mM biology. This work was supported by SFB 317. NH 4Cl in PBS, and washed three times for 5 min with PBS. They were mounted in MOWIOL (Calbiochem) containing 100 mg/ml DABCO Received April 7, 1997; revised May 1, 1997. (Sigma) and imaged with a Leica confocal microscope at a resolution of 50 nm per pixel, using a Fluotar 100ϫ/1.3 objective. The optical sections were scanned simultaneously with the 488 nm laser line References at 10% intensity and the 568 nm laser line at 100% intensity. Detection was done with DD488/568 plus BF530/30 for GFP and DD488/ Banerjee, A., Martin, T.F.J., and DasGupta, B.R. (1993) . Nerve growth factor induces sensitivity to botulinum neurotoxin type A in norepi-568 plus LP590 for Cy3. The images were exported as TIF files and analyzed with Metamorph (Universal Imaging Co).
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Cole, N.B., Smith, C.L., Sciaky, N., Terasaki, M., Edidin, M., and After ‫3ف‬ min on the microscope, the chamber was returned to the Lippincott-Schwartz, J. (1996) . Diffusional mobility of Golgi proteins heating block, and the solution was exchanged for a similar one in membranes of living cells. (1996) . FACS-optimized mutants of the green fluorescent protein (GFP). Gene 173, this solution, cells were returned to warm HBS and rapidly placed on the microscope, and the same cell(s) were imaged a second 33-38.
